Objective To evaluate the magnetic susceptibility, Δχ v , as a surrogate marker of venous blood oxygen saturation, S v O 2 , in second-and third-trimester normal human foetuses. Methods Thirty-six pregnant women, having a mean gestational age (GA) of 31 2/7 weeks, underwent magnetic resonance imaging (MRI). Susceptibility-weighted imaging (SWI) data from the foetal brain were acquired. Δχ v of the superior sagittal sinus (SSS) was quantified using MR susceptometry from the intra-vascular phase measurements. Assuming the magnetic property of foetal blood, Δχ do , is the same as that of adult blood, S v O 2 was derived from the measured Δχ v . The variation of Δχ v and S v O 2 , as a function of GA, was statistically evaluated. Results The mean Δχ v in the SSS in the second-trimester (n = 8) and third-trimester foetuses (n = 28) was found to be 0.34± 0.06 ppm and 0.49 ±0.05 ppm, respectively. Correspondingly, the derived S v O 2 values were 69.4% ±3.27% and 62.6% ±3.25%. Although not statistically significant, an increasing trend (p = 0.08) in Δχ v and a decreasing trend (p = 0.22) in S v O 2 with respect to advancing gestation was observed. Conclusion We report cerebral venous blood magnetic susceptibility and putative oxygen saturation in healthy human foetuses. Cerebral oxygen saturation in healthy human foetuses, despite a slight decreasing trend, does not change significantly with advancing gestation. Key points • Cerebral venous magnetic susceptibility and oxygenation in human foetuses can be quantified.
Introduction
Utilisation of oxygen for aerobic metabolism is an integral part of the foeto-placental growth process from the second trimester onward in human pregnancy [1] . Various conditions/risk factors during pregnancy can result in a reduction of the available oxygen, which can lead to metabolic reprogramming of the foeto-placental unit [2] . One of the aspects of this reprogramming involves haemodynamic adaptation in which preferential blood flow redistribution to principal organs such as the brain, heart and spleen occurs to maintain the oxygen and nutrient supply [3] . This redistribution happens at the expense of decreased blood supply to peripheral organs. The increased blood flow to the brain (referred to as the 'brain-sparing' effect) is understood to be mediated by vasodilation in the cerebral circulation [4] [5] [6] [7] [8] [9] . While Doppler ultrasound (US) can be used to measure changes in foetal cerebral blood flow [10] , there are no clinical methods to evaluate cerebral foetal blood oxygenation, noninvasively, that are applicable during the second and third trimesters of pregnancy. Consequently, the normal foetal cerebral blood oxygenation levels during these gestations is not known. Foetal heart rate (FHR) has previously been used as an indirect measure for foetal oxygenation status [11] [12] [13] [14] . However, due to the lack of sensitivity and the wide range in FHR values as a function of blood gases, it is only useful in identifying severe hypoxaemic conditions [15] . Near infrared spectroscopy (NIRS) has been shown to be useful in the evaluation of foetal oxygenation status intra-partum [16] . Transabdominal NIRS was developed and applied in the recent past to evaluate foetal cerebral blood oxygenation in near-term foetuses [17] . However, due to issues related to the penetration depth of the infrared light, NIRS cannot be used for evaluation of foetuses younger than 36 weeks.
Magnetic resonance imaging (MRI), on the other hand, does not suffer from such limitations and, therefore, is widely used to diagnose foetal conditions related to the brain and central nervous system [18] [19] [20] . MR spectroscopy has been used to identify the extent of anaerobic respiration in the growing foetus by measuring the lactate concentration in the brain [21, 22] . However, this is a downstream effect secondary to the reduced oxygen supply. A more direct measure would be to study the blood oxygenation. Recently, MRI-based T 2 , the transverse relaxation property, has been used to measure the peripheral blood oxygen saturation in late gestations [23] . While this quantitative technique is quite powerful, it can be affected by B 1 inhomogeneities that are greater at 3.0 Tesla (T) field strength; it is also associated with a high specific absorption rate (SAR) [24, 25] . Deoxy-haemoglobin is paramagnetic relative to surrounding tissue. This leads to a distinct intravascular phase change that has previously been used to noninvasively measure in-vivo blood oxygen saturation in adults [26, 27] . In comparison to the T 2 -based oximetry method, the phase change is insensitive to B 1 inhomogeneities [28] . The intra-vascular phase-based method, dubbed MR susceptometry, has recently been used in evaluating venous blood oxygenation (S v O 2 ) in the brain of five healthy thirdtrimester foetuses [29] . The present work uses this MR susceptometry method to evaluate venous blood magnetic susceptibility (Δχ v ) and, consequently, the putative oxygen saturation in normal foetuses in the second and third trimesters. Specifically, measurements are carried out in the superior sagittal sinus (SSS), which drains most of the superficial cerebral veins [30] .
Material and methods

Patient recruitment
Thirty-six pregnant women receiving routine obstetrical care at Hutzel Women's Hospital, Detroit, Michigan, USA, were non-consecutively recruited in this study. Pregnant women (age = 24.7 ± 4.2 years), who were between 20 weeks and 40 weeks of gestation, were approached for recruitment. Singleton, uncomplicated pregnancies with normal US examinations and no reporting of contraindications for MRI were eligible to participate. Normal US examination implies estimated foetal weight to be within the 10-90th centile for gestational age (GA), umbilical artery pulsatility index < 95th centile and a normal anatomical evaluation. The foetal weight was estimated using the equation provided in Hadlock et al. [31] , which involved US-based evaluation of four foetal biometric parameters: biparietal diameter, head circumference, abdominal circumference and femur length. The imaging study was approved by the Institutional Review Boards and was compliant with HIPAA regulations. Written informed consent was obtained from each participant before the research MRI scan. Relevant MR imaging data were collected as part of an on-going study where the scanning duration was limited to 60 min. The median and inter-quartile range of the GA of the foetuses included in this study are 31 1/7 weeks and 8.8 weeks, respectively.
MR imaging
Foetal MR imaging was carried out on a 3.0-T Siemens Verio system (Erlangen, Germany) using a six-channel body flex array coil, along with a spine coil. The modified fully flowcompensated susceptibility weighted imaging (SWI) sequence was used in this study for both two-dimensional (2D) and/or three-dimensional (3D) data acquisition [29] . . A total of 16 slices were acquired. In addition to a parallel imaging factor of 2, partial-Fourier reconstruction in both phase and slice direction was used to reduce the total data acquisition time to 22-24 s.
Oxygen saturation quantification in SSS
Foetal-SWI image data were first reviewed for general quality, foetal motion, and proper delineation of SSS in both magnitude and phase images. Multiple series of 2D and/or 3D breathhold scans were acquired within the available scan time, particularly when foetal motion was encountered or if there was inadequate coverage of the foetal brain. On average, a foetal SWI scan (2D or 3D) was acquired five times in any given foetus. SWI acquisition volumes were placed such that the slice was perpendicular to the long axis of the vessel at the occipital aspect of the foetal brain [29] .
Raw phase images from the foetal-SWI data were first filtered using a homodyne high pass filter [32] of 48 × 48 size to remove bulk background field inhomogeneities. In all the foetuses, two or three, with a minimum of two, consecutive slices were selected such that there was no displacement of the SSS vessel lumen between the slices. This was to ensure that measurement was carried out along the straight segment of the SSS. Phase images were zoomed twice using the nearest neighbourhood algorithm, and a region of interest (ROI) encompassing the vessel was manually drawn avoiding the boundary voxels to mitigate partial volume effects. Mean and standard deviation of the phase from the SSS and the immediate background parenchymal region were measured to obtain, Δφ sss = φ vessel − φ background . The foetal head could be in any arbitrary orientation within the mother's uterus. This makes the vessel angle, θ, between the long axis of the SSS with respect to the main field, B o , also arbitrary. However, with the vessel being perpendicular to the slice plane, the angle θ can be evaluated using the slice normal vector from the i m a g e D I C O M h e a d e r [ D i g i t a l I m a g i n g a n d Communications in Medicine (DICOM) standard]. Vessel Δχ v was then obtained using the following equation [29] :
where TE is the echo time and γ is the gyromagnetic ratio. Putative S v O 2 was subsequently calculated using the following relation from [27] :
where Δχ do is the magnetic susceptibility difference between fully oxygenated and deoxygenated foetal blood and Hct is the foetal blood haematocrit. The Hct value corresponding to a given gestation is obtained from established nomograms [33] .
Assuming that Δχ do of foetal blood is the same as that of adult blood (Δχ do = 0.27ppm, cgs units) [34, 35] , Eq. (2) was used to calculate S v O 2 .
Vessel Δχ v values as well as corresponding S v O 2 values from all slices within a given volume and all volumes obtained within a given scan session were averaged to obtain the mean Δχ v and S v O 2 for a given foetus. Corresponding standard error of the mean was also evaluated from the measurement error associated with each given slice [29] .
Statistics
We used a generalised linear model to examine the association between Δχ v and gestation and to determine the trend in S v O 2 across GA. Based upon previous ex-vivo umbilical vein blood oximetry studies that observed a linear relationship between blood oxygen saturation and GA in human foetuses, a linear regression model was chosen [36] . We also evaluated the difference in Δχ v and S v O 2 between foetuses in their second vs. third trimester using two-tailed Student's t-test. Statistical significance was defined by p < 0.05. The R3.2.2 script was used to perform the analysis.
Results
SWI data from healthy foetuses (n = 36) was analysed and the Δχ v and corresponding S v O 2 were obtained. Figure 1 shows the number of foetuses vs. GA distribution of the studied cohort. A representative set of foetal SWI magnitude and phase images is shown in Fig. 2 . The SSS vein can clearly be seen in the posterior region of the brain on both the magnitude and phase images. Figure 3 shows the distribution of Δχ v of the venous blood in the SSS across gestation. The mean Δχ v was 0.46 ±0.06 ppm in the entire foetal cohort studied, with the mean in second-trimester foetuses being 0.34 ±0.06 ppm (n = 8) and 0.49 ±0.05 ppm in third-trimester foetuses (n = 28). Thus, an increasing trend of Δχ v vs. gestation was observed (Fig. 3) . However, this trend was not statistically significant (slope = 0.01 ±0.01, p = 0.08). The corresponding mean S v O 2 in the entire cohort studied was 64.1% ±3.3%. A decreasing trend in the foetal S v O 2 as a function of GA was observed (Fig. 3) with the mean value of the second trimester being 69.4% ±3.27% and of the third trimester 61.8 ±3.3%. However, this trend was also not statistically significant (slope = -0.51 ±0.41, p = 0.22) (Fig. 3) . While we see a difference in the mean Δχ v and S v O 2 between second and third trimester foetuses, they were not statistically significant: p = 0.06 and p = 0.2, respectively.
Discussion
In this study, we quantified the S v O 2 from Δχ v in the SSS vein of the foetal brain in a cross-sectional cohort of second-and third-trimester normal foetuses. The MR susceptometry method was used for this quantification, which has been validated and used in adults [26, 27] and neonates previously [37] and recently applied in the human foetus as well [29] . Previous exvivo studies have shown that umbilical venous blood oxygenation decreases marginally from 24 weeks to 37 weeks [36] . Concurrently, the metabolic demand of the foetus increases from the second to the third trimester [38] . Taken together, it is reasonable to expect an increased oxygen extraction fraction (OEF) (i.e., decreasing oxygen saturation, S v O 2 ) with advancing gestation, provided foetal cerebral blood flow conditions do not change. Indeed, our results do suggest a decreasing trend in cerebral venous blood S v O 2 across gestation (S v O 2 = -0.56*GA + 80), although it is not statistically significant (p = 0.22). The lack of statistical significance could be a consequence of (1) the large variability seen in the measured S v O 2 even within a given gestational week and (2) the relatively small sample size studied. The large variability observed in estimated S v O 2 (or the Δχ v ) could indeed be physiologically driven as cerebral blood flow rates within the foetal brain are known to be variable even within a given GA [39] .
A recent work by Zhu et al. reported cerebral OEF by measuring the difference between the arterial vs. the venous blood T 2 (transverse relaxation) values obtained from the aorta and the superior vena cava (SVC), respectively [23] . Fig. 1 A histogram showing the distribution of the number of foetuses vs. gestational age of the studied cohort Fig. 2 Representative examples of magnitude and phase images from foetal SWI data sets. Top row shows the magnitude image of the foetal brain from a foetus at (a) 22 2/7 weeks, (b) 31 2/7 weeks and (c) 37 3/7 weeks of gestation. Bottom row shows the corresponding phase images in d, e and f, respectively. The arrowhead points to the superior sagittal sinus. The intra-vascular phase associated with the magnetic susceptibility of the superior sagittal sinus vein (arrow) is evident in all the phase images Converting the T 2 values presented to oxygen saturation, using the cited calibration curve [40] , the S v O 2 value of the SVC turns out to be 49.4%. This value is considerably different than the putative S v O 2 from SSS measured in our study. On the other hand, in a recent report [41] , cerebral venous blood S v O 2 in term-born neonates, measured in the SSS, was found to be 63.9% ± 8.2%, closely comparable to the values from third-trimester foetuses in our study. The mean S v O 2 from third trimester foetuses in our study is also in good agreement with the 66% ± 9.6% value recently reported using MR susceptometry [29] , albeit in a small cohort of five foetuses. Similarly, the mean oxygen saturation of 57.74% ± 4.2% from eight foetuses between 36 and 40 weeks of gestation in our cohort also compares well with the 61% ± 14% obtained from five foetuses in a similar gestational window using trans-abdominal NIRS [17] . Furthermore, foetal cerebral oxygenation measured intra-partum in late-gestation foetuses using NIRS varied between 50%-70% [42] [43] [44] . Our S v O 2 values from the SSS are within this range, in concordance with these previous works.
Foetal haemoglobin (HbF) has a different oxygen affinity compared to adult haemoglobin (HbA) owing to the difference in its molecular structure [45] . Therefore, it may be that the magnetic susceptibility of HbF is slightly different from that of HbA. The relative fractions of HbA and HbF within foetal whole blood also change with GA [46] . This, in turn, may lead to foetal Δχ do , becoming a function of the GA. However, as there is no information about this potential variation, we have used the values for adult blood. Two different values have been quoted in the literature for Δχ do of adult blood:0.18 ppm [47] or 0.27 ppm [35] cgs units. In this work, we used the Δχ do value of 0.27 ppm. If the value of 0.18 ppm was to be used, the presented S v O 2 values would correspondingly shift to lower values and the mean S v O 2 of the cohort comes out to be 48.9% ± 5.2%. Nevertheless, the Δχ do value only influences the absolute value of S v O 2 and not its relative change from one gestation to another. Thus, the conclusions of this study are not influenced by the Δχ do value.
In principle, there is little to no difference in the quantitative phase values between 2D SWI with zero slice gap and 3D SWI for similar voxel sizes and echo times [48] . However, for a fixed imaging time, 3D offers a slightly better signal-tonoise ratio (SNR) per unit time compared to 2D multi-slice imaging [49] . Conversely, 3D acquisition is more susceptible to motion artefacts compared to 2D multi-slice acquisition because of partition encoding along the slice direction. In view of these factors, we used both 2D and 3D modes of acquisition for foetal SWI. Foetal motion and maternal breathing continue to remain a challenge in robust and consistent data acquisition. We used the modified version of SWI with optimised parameters as suggested in Neelavalli et al [29] to keep the scan time short, on the order of 30 s. Nevertheless, in this study too, the success rate of obtaining measurable foetal SWI data has remained similar to the previously reported value of 26% [29] . Hence, the data presented here comprise a subset of the foetuses within a larger cohort in whom venous phase measurements could be performed successfully. The choice of a longer TR in the SWI sequences was deliberate, with the intention of reducing the SAR. The SARs in both the 2D and 3D scans were maintained below 0.6 W/kg [50] . The choice of the longer TE was to improve the phase SNR, but it also increases the susceptibility artefacts from the maternal abdominal tissue. One approach to overcome the need for a longer TE would be using the quantitative susceptibility mapping (QSM) Fig. 3 . Magnetic susceptibility, Δχ v (ppm), of the superior sagittal sinus (SSS) vein and the putative blood oxygen saturation, S v O 2 (%), in normal human foetuses are plotted across their corresponding gestational age (weeks). A linearly increasing trend is observed in Δχ v but was not found to be significant (p = 0.08). The S v O 2 in the SSS is obtained using a Δχ do = 0.27 ppm. Average S v O 2 across the entire cohort was found to be 64.1%±3.3%. Although not statistically significant (p = 0.22), a decreasing trend in S v O 2 with advancing gestation is observed approach, which takes into account the phase both inside and outside a vessel, thereby improving the estimations. An added advantage of using QSM is that this method is independent of the model and orientation.
Conclusion
We have quantified the magnetic susceptibility and the putative cerebral oxygen saturation values in normal second-and third-trimester human foetuses using MR susceptometry. This is the first study of foetal cerebral S v O 2 from both second-and third-trimester foetuses. Although not statistically significant, our results suggest a decreasing trend in the foetal cerebral S v O 2 with advancing gestation. This work opens up the potential for using cerebral S v O 2 to non-invasively assess foetal hypoxia.
